As a reference of the recovery of natural gas hydrates by hot water injection, the decomposition of natural gas hydrates in sediments due to heat stimulation was simulated experimentally and numerically. It is supposed the radial diffusion model describes the decomposition of natural gas hydrates in sediments owing to hot water injection, and the hydrate decomposition is a one-order reaction. Combining the rate equation of the decomposing reaction with the rate equation of the heat transfer and heat balance equation, the relationship between the accumulative quantity of methane (n o -n H ) and decomposing time t was obtained i.e., n o -n H = 2.7 x 10 -2 (θ 3 -10) 1/2 t 3/2 . By comparing the results from the experiment and numerical simulation, it was found that, under the experimental conditions, the rate coefficient of hydrate decomposition was 2.675x10 min), which was found to be consistent with the experimental results.
INTRODUCTION
Natural gas hydrates (NGHs) are clathrates composed of natural gas and water at low temperature and high pressure and exist largely in the sediments of permafrost and the deep sea [1] . It is estimated that the global reserves of NGHs are about 10 16 Nm 3 of natural gas, which is double the known reserves of conventional fuels and is the best substitute for oil and natural gas [2, 3] . However, in exploiting NGHs successfully, whether with heat stimulation, depressurization or chemical injection, there are technological, cost, safety and environmental issues.
Using heat transfer on a one-dimensional infinite flat, Selim et al. [4] researched and established a kinetic model for the heat decomposition of methane hydrate. In researching the heat decomposition of methane hydrate and propane hydrate, Kamath et al. [5] considered that hydrate decomposition is dominated by heat transfer and can be described with the rule of liquid boiling, and the temperature difference ∆T between the main fluid and the hydrate surface is the impetus of hydrate composition. Yousif et al. [6] linked the kinetic research of hydrate decomposition to NGH exploitation using an experimental model to estimate the hydrate surface. Using a radial diffusion equation, Goel et al. [7] researched the decomposition process and obtained analytic kinetic equations for the decomposition of the massive hydrate and the hydrate in porous media, but their results were influenced because of neglecting the flow of decomposition water and the change in releasing velocity of the decomposition gas. Hisashi et al. [8] researched methane hydrate formation and decomposition by depressurization in pottery beads and beadings of several sizes, and found that there are different apparent decomposition reaction rates, and different regression equations for different media. Therefore, it is necessary to research the cavity property and the distribution of granularity of the local sediment while determining the decomposition rate of NGHs in nature. In this paper, a numerical simulation of NGH decomposition in porous media was conducted by stimulating methane hydrate decomposition in quartz sand and the calculation and experimental results were compared. Fig. 1 shows the experimental apparatus for methane hydrate formation and decomposition. The main part of the experimental system is a cell with internal dimensions of φ36x200 mm mm. The maximum operating pressure is 20 MPa. The cell is made of stainless steel with a polytetrafluoroethylene inner sleeve for insulation. An integral cooling jacket was employed to keep the temperature in the cell constant. The system temperature was measured with four thermocouples (T 1 (T 4 , 60 mm apart) and data were collected with a data collector. Gases, which were used to fill the cell and were released from the cell, were measured with mass flowmeters and a wet gas flowmeter (Qixing Huachuang Ltd.). The gas samples were analyzed with a gas chromatograph (hp6890 GC, Agilent Tech.). Table 1 presents the main devices.
EXPERIMENTAL 2.1. Apparatus and materials
Quartz sand (20-40mesh, from the Zhujiang River), distilled water (prepared in the laboratory), sodium dodecyl sulfate (SDS, Guangzhou Chemicals Co., 99.5% pure) and methane (Haowen Gas, Nanhai, Foshan, 99.95% pure) are the main materials. 
Procedure
The experiment consisted of methane hydrate formation and hot water injection decomposition. Firstly, methane hydrate formed in quartz sand (290 g of quartz sand, saturated with SDS solution (290ppm) to promote hydrate formation [9] ) was poured into the cell and the vacuum system was activated to draw the air; then methane was introduced into the cell to above 12 MPa and the cooling system was activated to remove heat from the cell. The gas was measured with a mass flow meter and the parameters during the experiment were recorded with the data collector and a personal computer. When the system temperature decreased to a certain value, hydrate formation began. Hydrate formation could be detected by observing a temperature rise
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because hydrate formation is an exothermic reaction. Hydrate formation could also be detected by observing an electrical resistance rise because the electrical resistance of hydrate is greater than that of liquid water [10] . During the reaction, the system pressure dropped as methane changed from a gas to a hydrate, so it was necessary to supply some methane to maintain system pressure. After 24 h, the temperature, pressure and electrical resistance in the system were constant, indicating the hydrate formation was complete.
The system temperature was set to below 0°C, e.g. -2°C, and some of the methane was released until an equilibrium pressure, e.g. 5 MPa, was reached using a backpressure valve. Hot water was injected into the cell at a certain rate, and entered a central porous tube from the left and diffused radially. The system temperature and pressure were recorded by the data collector, and the amount of CH 4 was measured by the wetting flow gas meter and recorded every minute until the finger of the gas meter was still, indicating that the hydrate had completely decomposed. Fig. 2 is a plot of the system temperature and pressure versus time during methane hydrate formation and decomposition. It can be seen from this figure that methane hydrate formed mainly within 2 h from starting cooling because of the promoting of SDS. From this moment to 24 h, the system pressure dropped very little, meaning few methane molecules changed from gas into hydrate.From 24 h to 25 h the system pressure and temperature were controlled at 5 MPa and -2°C; then the prearranged hot water was injected into the cell and the hydrate began to decompose. The decomposition experiment terminated in about 5 min because the methane hydrate decomposed quickly with hot water injection. By use of the back-pressure valve the system pressure remained unchanged and the temperature of the quartz sand containing hydrate rose with the hot water injection, which can be seen in Fig. 3 . 
RESULTS AND DISCUSSION

Changes in temperature and pressure during hydrate formation and decomposition
Change in electrical resistance during hydrate formation and decomposition
Water is the main electrolyte in quartz sand that contains methane and water. The electrical conductivity of water decreases as it changes from liquid to crystal (hydrate).Figs. 4 and 5 show electrical resistances R 1 and R 2 ( Fig. 1 ) during hydrate formation and decomposition, respectively. It was indicated by a former study [11] that electrical resistance can be better used to detect hydrate formation and decomposition than temperature can. Fig. 4 shows that during hydrate formation, R 1 wais larger than R 2 . This is because the cooling liquid passes from the left to the right in the cell, so that the temperature on the left is lower than that on the right and the water on the left formed hydrate more quickly than that on the right. Fig. 4 also shows that both R 1 and R 2 initially increased quickly and later more slowly, which means that hydrate formed mainly in the first hours of the observation. It can be seen from Fig. 5 that the system electrical resistance decreased quickly for several minutes after hot water injection. Because of the rapid decomposition of hydrate, R 1 and R 2 decreased synchronously without any difference between them.
4.
MODELING THE PROCESS OF METHANE HYDRATE DECOMPOSITION 4.1. Establishment of the model Decomposition of NGHs results from the destruction of equilibrium due to a rise in temperature, a fall in pressure or anything else that shifts the equilibrium curve. Fig. 6 is the formation equilibrium curve of hydrate composed of methane and pure water [12, 13] . It is shown that the equilibrium pressure increases in the porous media because of capillary pressure. However, this does not influence our analysis because the pressure rise is small in micron-sized capillaries [14] . It can be seen that methane hydrate exists stably when the points in Fig. 6 corresponding to the temperature and pressure is above the equilibrium curve, e.g. in point A, and hydrate exists stably when the point is between the two equilibrium curves, e.g. point C, in the normal case. However methane hydrate can not exist stably, and decomposed when methanol, a thermodynamic inhibitor, is added to the system; methane hydrate loses stability and decomposes owing to a temperature rise or pressure fall, e.g. points D and B. Indeed, the system temperature falls a little when the pressure falls. In this study, hot water is injected into the hydrate bed at a constant pressure and the temperature rises from T E to T F , and the hydrate begins to decompose.
Fig. 6 Equilibrium curve of methane hydrate
Considering that the hot water is injected from the center of the ore body and diffuses, a radial model is suitable for depicting hydrate decomposition by hot water injection [7] ; that is hydrate decomposed from the wall of the well radially, with the well axis as the center. The size and position of the decomposition surface changes with time. Fig. 7 is a schematic diagram of the heat-stimulated decomposition in the hydrate reservoir where Z 1 , Z 2 and Z * are the radii of the well wall, the hydrate reservoir and the decomposition surface at time t, and is the height of the hydrate reservoir. Z 1 is much less than Z 2 and Z * and can be ignored. 
After injecting some hot water hydrate around the well wall begins to decompose and releases methane according to,
In equations (1) and (2), n o (mol) and n H (mol) are the molar numbers of methane hydrate before and after some of the hydrate decomposed, φ is the interspace ratio, S H is the saturation of the hydrate, B H is the volume of methane in each cubic meter of hydrate (Nm 3 /m 3 ), R is the universal gas constant (8.314J/(mol. o C)), P st and T st are the normal pressure (Pa) and temperature (°C). Combing equation (1) with equation (2) gives the ratio of the hydrate composition 
It can be seen from Fig. 3 the temperature changes during hydrate decomposition, but the change is very little and has insignificant influence. In porous media, methane hydrate decomposes in a one-order reaction [15] , and the rate equation of the reaction is (7) where A S is the area of heat transfer (m 2 ), K de is the rate constant of hydrate decomposition, (mol/(min . Pa . m 2) ), and P e and P are the pressure (Pa) equilibrated with the decomposition temperature and that of the system. Integrating equation (7) between 0 and t gives the gas quantity of decomposition as (8) If and do not change with t then (9) K de is a function of temperature and pressure but this parameters change very little and have an insignificant effect on K de and on (P e -P)The relation between Z * and t can be obtained from the heat balance. The cell has a volume of 257 ml and is filled with quartz sand having a 46.5% interspace ratio. In the sand, 28 g of water forms 30 ml of methane hydrate, the hydrate saturation S H is 0.25, and the interspace volume before the injection of hot water is 89 ml.
If temperatures of the quartz sand (containing hydrate), of the system after hydrate decomposition and of the injecting hot water are θ 1 θ 2 and θ 3 (K), specific heats of water and quartz sand are C Pw and (C Ps ), the injection rate of hot water is (J / g K), the masses of hydrate and quartz sand are G hy and G s (g), and the phase transition heat of hydrate is (r hy ), then at moment the heat balance is 
( -)
Integrating gives (11) And this equation can be rewritten as (12) Combining equation 12 with equation 6 gives (13) and combining equation (12) with equation (9) gives (14) Equations (13) and equation (14) are the analytical models of hydrate decomposition due to hot water injection.
Comparison of the analytical result and the experimental result
The values and units of the constants and variables in equation (13) and (14) are listed in Table 2 .
(P e -P), (θ 3 -θ 2 ) and (θ 2 -θ 1 ) were determined by experiments. 
The known values were put into equation (3):
(16) Fig.8 is drawn based on equation (15) . It shows that, on the whole, the analytical results were consistent with the experimental results for the main part of the observation period, which indicates that the radial diffusion model can be used to describe hydrate decomposition by hot water injection. The calculation results changed with the changes in water temperature, system pressure and the interstice in the quartz sand; however, on the whole, equation (7) was found suitable for calculating the decomposition rate in porous media by hot water injection. From the experimental results in Fig.8 it can be seen that the released CH4 do not increase with time after about 3 min for hydrate decomposed completely. 
